Dressings are commonly used to treat skin wounds. In this study, we aimed to develop a new scaffold composed of a polyvinyl alcohol (PVA) hydrogel containing granule-lyophilised platelet-rich fibrin (G-L-PRF) as a dressing. G-L-PRF was prepared by freeze-drying and was then incorporated into PVA hydrogel by freezing-thawing. Notably, the mechanical strength and degradation rate of the scaffold were found to be related to G-L-PRF concentrations, reaching 6.451 × 10 −2 MPa and 17-22%, respectively, at a concentration of 1%. However, the strength decreased and the degradation was accelerated when the G-L-PRF concentration was over 1%. The elastic properties and biocompatibility of the scaffold were independent of G-L-PRF concentration, and both showed excellent elasticity and biocompatibility. The release of vascular endothelial growth factor and platelet-derived growth factor-AB was no significant time dependent. Additionally, application of 1% G-L-PRF/PVA to acute full-thickness dorsal skin wounds accelerated wound closure at days 7 and 9. Healing also increased on day 11. Histological and immunohistochemical analyses showed that the scaffold enhanced granulation tissue, maturity, collagen deposition, and new vessel formation. These results demonstrated that the prepared G-L-PRF/PVA scaffolds accelerated wound healing in acute full-thickness skin wounds, suggesting potential applications as an ideal wound dressing.
The repair of wounds is complex and requires multiple materials 16 . Vascularisation is essential for wound healing, and biological base materials can simulate the extracellular matrix to repair skin damage; however, the use of a single substrate cannot induce sufficient blood vessel formation [17] [18] [19] . Numerous growth factors, such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor-β1, epidermal growth factor (EGF), and insulin-like growth factor, facilitate cell proliferation, differentiation, and neovascularisation. However, these growth factors are limited by their lack of sustained diffusion and degradation after direct injection into the body, and they are therefore often incorporated into controlled-release systems [20] [21] [22] [23] [24] [25] . Wound healing is driven by different growth factors. However, controlled-release systems often encapsulate only one or two growth factors. Platelet-rich fibrin (PRF) is a new-generation platelet concentrate based on platelet-rich plasma [26] [27] [28] . This material is rich in a variety of growth factors, including VEGF, PDGF, bFGF, and EGF, which play key roles in tissue repair. Additionally, these growth factors can be released slowly. In our previous study, we found that the growth factors contained in PRF can be released continuously for more than 2 weeks. Other research has also confirmed that PRF is a more stable slow-release growth factor than PRP, which has been extensively studied in basic research and clinical applications [29] [30] [31] [32] [33] [34] [35] [36] . As previously reported, the ability of PRF to promote regeneration is mainly due to the presence of a variety of growth factors. However, fresh PRF is not easy to store and transport, the elastic modulus is small, the hardness is low, and the immunogenicity is high. These problems limit the application of PRF in large-scale production.
Therefore, in this study, we attempted to develop a new dressing using PRF. We hypothesised that granule-lyophilised (G-L)-PRF/PVA could be prepared using a simple physical method in which fresh PRF was lyophilised and was then added to PVA hydrogels. The compound was transformed into a new dressing by freezing-thawing. To evaluate this new scaffold, the mechanical properties, cytotoxicity, cell viability, proliferation, and growth factor release were investigated in vitro. The healing properties were evaluated using acute full-thickness dorsal skin wounds created in normal mice.
Results
Morphology and ultrastructure of fresh PRF, L-PRF, and G-L-PRF/PVA scaffolds. Fresh PRF was observed as a fibrin clot after centrifugation ( Fig. 1A ). Scanning electron microscopy (SEM) analysis revealed that there were no cells in the middle clot region (Fig. 1B) , and platelets, leukocytes, and red blood cells were embedded in the border of yellow and red fibrin meshes (Fig. 1C ).
L-PRF was present as a sponge (Fig. 1D , red arrow). SEM analysis showed that the surface had a porous shape (Fig. 1F ). The ultrastructure of L-PRF after grinding and filtering (G-L-PRF, Fig. 1E ) exhibited an ellipsoidal shape with a long axis of 118 ± 10.383 nm and a short axis of 81.65 ± 8.59 nm ( Fig. 1G) .
Analysis of the different concentrations of the G-L-PRF/PVA scaffold ( Fig. 1 ) showed that at low magnification (500×), the surface morphology exhibited a continuous and interconnected network porous structure ( Fig. 1H -J). Under higher magnification (3000×), the space between the inner wall showed that PVA without L-PRF was Mechanical properties. At least three specimens for each group were recorded, and Table 1 presents the mechanical properties of the different specimens. As the G-L-PRF concentration increased in a certain range, the Young's modulus decreased from 4.194 × 10 −2 MPa for the PVA sample to 3.693 × 10 −2 MPa for the 0.5% G-L-PRF/PVA sample; however, when the G-L-PRF concentration reached 1%, the Young's modulus increased to 6.451 × 10 −2 MPa, and when the concentration reached 2%, the Young's modulus decreased to 3.40 × 10 −2 MPa. The breaking elongation ratios of all samples indicated that the samples were excellent elastomers (ratios of about 300%), and, as shown in Fig. 4 , there were no significant differences (p > 0.05).
Biocompatibility. The scaffold and its leaching solution were analysed by MTT assays. In cocultures of L929 cells, there were no significant differences in absorbance values between the experimental group and the negative control ( Table 2 , p > 0.05), and the relative growth rate (RGR) was more than 88% ( Table 2 , toxicity level: 0-1) in the experimental group, but less than 38% (toxicity level: 3-4) in the positive control. The morphology of L929 cells in the 1% G-L-PRF/PVA group was similar to that of the blank group at the junction of the scaffold and the base plate, as demonstrated by light microscopy, fluorescence microscope, and SEM (see Supporting Information, Fig. S1 ). Figure 2 presents the biodegradability of G-L-PRF/PVA scaffolds with different concentrations of G-L-PRF. Although weight loss increased with embedment time, the degradation rates were 25-31% for the control group, 24-34% for 0.5% G-L-PRF/PVA, 17-22% for 1% G-L-PRF/PVA, and 30-37% for 2% G-L-PRF/ PVA. The 1% group was significantly different from the other groups. However, changes in weight loss in the PVA and 0.5% G-L-PRF/PVA groups were not significant.
Biodegradation.

Release of VEGF and PDGF-AB.
Next, we evaluated the concentrations of growth factors released from G-L-PRF and G-L-PRF/PVA scaffolds. Analysis of growth factor release ( Fig. 3A,B ) revealed that the amount of G-L-PRF/PVA released was less dependent on time than G-L-PRF. Thus, G-L-PRF/PVA permitted consistent and continuous release of growth factors.
Evaluation of growth factor bioactivity. To elucidate the biological activities of the released growth factors, MTT assays were used to evaluate human umbilical vein endothelial cell (HUVEC) proliferation. Figure 3C presents the absorbance values for growth curves for the G-L-PRF and G-L-PRF/PVA groups, showing increased proliferation in the range of 0.05-0.75% G-L-PRF. However, when the G-L-PRF concentration was more than 1%, significantly reduced cell proliferation was observed in the G-L-PRF/PVA group. In contrast, in the G-L-PRF group, a concentration of 1.5% or more was needed for inhibition of cell proliferation.
Animal test.
Representative wound images obtained after treatment with the four scaffolds on days 3, 5, 7, 9, and 11 after wounding are shown in Supporting Information Fig. S2 . The wounds of all treated mice were clean, and no infections were observed. By day 11, the 1% group showed a fully healed wound area, whereas small Table 1 . Mechanical properties of different groups.
Figure 2.
Weight loss in each group at 28 days (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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wounds were still visible in the other groups. Finally, wounds in the G-L-PRF group were healed on day 13, and wounds in the blank and PVA groups were healed on day 14. Therefore, the wound healing process was accelerated by the 1% G-L-PRF/PVA scaffold.
Histological observations. In the haematoxylin and eosin (H&E)-stained images (Fig. 4A ), the boundary between the wound area and the normal skin was clear, and no tissue overlap was observed, indicating that the splint defect model was successful. The horizontal distance between the wound margin ( Fig. 4A , black arrows) was measured using Image-Pro Plus 6.0 software (Fig. 4B ). On days 3 and 5, 1% G-L-PRF/PVA scaffolds were significantly different from those in the blank group, even though the appearance was indistinguishable ( Fig. 4B 3, 5 ; P < 0.05). Importantly, consistent with our general observations, there were significant differences between the 1% group and other groups on days 7 and 9, indicating that wound healing in the 1% group was maximised. Representative images of dorsal skin wounds stained with H&E are shown in Fig. 4C . On day 3, only the 1% group exhibited some inflammatory tissues compared with the other groups. On days 5 and 7, the four groups showed different levels of inflammation. On day 9, the blank and PVA groups showed diffuse inflammatory cells in the wound area. However, very few inflammatory cells were found in the 1% group, and more granulation tissue was obvious; these changes were not observed in the G-L-PRF group. On day 11, all wounds were covered with new granulation tissue. The G-L-PRF group was mostly covered with epidermis, and a gap still existed between the newly formed tissues and the normal skin. In contrast, no gap was found in the 1% group, and the structure with skin appendages was similar to that of normal skin. Collagen deposition was assessed by Masson's trichrome staining for the different groups at the designated time points (Fig. 5 ). On day 5, no obvious collagen deposition was detected; however, some collagen fibres were detected in the 1% group. On day 7, the blank group exhibited thin collagen deposition, and the PVA and G-L-PRF groups showed slight collagen deposition; the 1% group exhibited small collagen fibres. On day 9, thick and thin collagen fibres were observed in the 1% group. In the G-L-PRF group, collagen deposition increased. Finally, on day 11, the collagen deposition in the 1% group was more uniform and regular than those in the other groups and resembled the normal dermal tissue. These results showed that new tissue formation was accelerated in the 1% group.
Picro-Sirius red staining was used to differentiate between different collagen types I and III, which are visualised as bright red and yellow. Our findings showed that thin and thick fibres were distributed in the deep dermis of the skin in the 1% group, appearing earlier than those in the other groups ( Supporting Information, Fig. S3 ).
To examine the presence of VEGF in the four wound treatment groups, immunohistochemical staining was performed (Fig. 6A ). On days 7 and 9, VEGF was significantly upregulated in the regenerated tissues (normal tissue and wound at the junction) of the 1% group compared with that on the other groups. Additionally, the G-L-PRF group showed more abundant expression than the other groups. On day 14, VEGF was still expressed in all groups, but decreased in the 1% group. As shown in Fig. 6B , the expression levels of VEGF were higher than those in the 1% group on days 7 and 9 and then decreased on 11 day.
Newly formed vessels in the wounds were characterised by CD31 staining (Fig. 6C) , and the positive rate was calculated ( Fig. 6D ). At all time points, the CD31-positive rate increased, except in the 1% group on day 11. Specifically, on days 7 and 9, the positive rate in the 1% group was significantly higher than those in the other groups. On day 11, the CD31 rate in regenerated tissues decreased gradually (initial rate: 10.60%); however, that in the G-L-PRF group had increased to 14.21%, which was higher than those of the other groups.
Discussion
Various wound scaffolds have been used to treat skin defects 3, 4, 16 . Wound scaffolds are not just simple covers; they should also have the following properties: biocompatibility, no immunogenicity, barrier functionality, moisturising effects, and low cost 37 . In this study, G-L-PRF was loaded into PVA hydrogels at 45 ± 5 °C by magnetic stirring and a modified freeze-thaw methods (with a single time cycle) in order to protect growth factors produced by G-L-PRF from inactivation by the high temperature and repeated freeze-thaw cycles. We demonstrated that G-L-PRF/PVA provided sustained, controlled release of VEGF and PDGF using HUVECs 24, 30 . Moreover, angiogenesis can be enhanced by various factors, including VEGF and PDGF, and sustained release of these factors by a delivery system is necessary for wound healing 20, 24, 25 . In our study, we found that increasing the concentration of G-L-PRF in the PVA hydrogels also increased the Young's modulus, decreased the inner wall pore size of G-L-PRF/PVA, and reduced biodegradation. However, when the concentration was more than 1%, the Young's modulus and HUVEC viability decreased. Additionally, regardless of changes in the concentration of G-L-PRF, the breaking elongation ratio remained around 300%, and no cytotoxicity was observed. Therefore, our results suggested that G-L-PRF may have an effect on PVA internal termolecular crosslinks and morphology 38, 39 . The morphology of G-L-PRF/PVA scaffolds changed at different concentrations, demonstrating that G-L-PRF affected PVA crosslinks. Mechanical strength and elasticity are important for scaffolds 40, 41 and for maintaining the minimum required strength during wound healing; hence, the scaffold should slowly degrade into small molecules 41 . The results indicated that 1% G-L-PRF/PVA scaffolds showed good mechanical strength and excellent elastomer properties, which were suitable for application as wound scaffolds.
Wound repair is highly complex, and animal models are needed to simulate human wound healing 42 . Splint wounds in mouse models of acute full-thickness skin wounds can not only uncover important pathways and processes but also avoid contraction during wound healing 43, 44 . In our study, the healing potential of the 1% G-L-PRF/PVA scaffolds was investigated in a mouse model of acute wound defects. As the time after operation increased, the wound size decreased; however, macroscopic evaluation indicated that wounds covered with 1% G-L-PRF/PVA healed more rapidly. H&E staining, Masson's trichrome staining, and Picro-Sirius red staining of cells are usually performed, and collagen fibres and maturity are evaluated at different time points after surgery 45, 46 . The G-L-PRF/PVA group showed low inflammatory cell infiltration, which could activate cell migration and proliferation, resulting in neovascularisation and neotissue formation during the early stages of skin repair 47 . Therefore, the deposition thickness, regularity, and maturity of fresh collagen in the G-L-PRF/PVA group were significantly better than those in the other groups at defect sites. Furthermore, the new collagen deposition was similar to the normal dermal tissue, indicating that the 1% G-L-PRF/PVA had high biological activity. CD31 and VEGF were used to evaluate the newly formed vessels 18, 48 . Vascularisation in the 1% G-L-PRF/PVA group was accelerated during the wound-healing processes, and higher expression levels were observed in this group compared with those in the other groups before 9 days after surgery. Therefore, the newly formed blood vessels could supply oxygen and nutrients, thereby facilitating collagen synthesis. However, at day 11 after surgery, the expression levels of VEGF and CD31 were lower than those in the other groups, demonstrating downregulation of growth factors to form normal skin tissues 49, 50 .
In conclusion, the current study demonstrated that 1% G-L-PRF/PVA had excellent mechanical and biological activity. Although other important issues remain to be addressed, such as the fate of the degraded materials in the body, the current study provided an ideal scaffold for promotion of healing in skin wounds.
Materials and Methods
Preparation of G-L-PRF and G-L-PRF/PVA scaffolds. Fresh PRF was prepared using a simple technique as reported previously 36 . Briefly, blood samples were collected from rabbit ear arteries and placed into 10-mL sterile glass tubes. The tubes were immediately centrifuged at 400 × g for 10 min. The yellow part of the fibrin gel was easily separated from the red part using sterile stainless steel scissors. The fresh PRF was lyophilised (Virtis, USA) to produce L-PRF. The samples were then ground into granules using a mortar. The granules were filtered through a screen mesh (pore size: 0.076 mm), producing G-L-PRF. PVA hydrogels (Guoyao Chemicals, China; polymerisation degree: 1750 ± 50, hydrolysis degree: 99%) were prepared following the procedure described previously 14 . Briefly, PVA hydrogels at a concentration 10% w/v were prepared by dissolving PVA in purified water at 90 °C under magnetic stirring for 3 h. The samples were then slowly cooled to 45 °C ± 5 °C, and 0.5, 0.75, 1, or 2 g G-L-PRF was added to PVA hydrogels by stirring for 1 h to obtain well-distributed hydrogels. The complexes were poured into 12-or 24-well plates (Corning, USA) at 0.5 mL/well. The plates were then frozen for 24 h at −20 °C and thawed for 24 h at room temperature. This procedure was repeated only one time, yielding G-L-PRF/ PVA hydrogels. SEM observations. SEM was used to identify the morphologies of fresh PRF, L-PRF, and G-L-PRF/PVA. Before SEM observation, fresh PRF specimens were fixed with a solution of 4% paraformaldehyde at 4 °C for 1 h and then dehydrated using a graded ethanol series 35 . The L-PRF was placed in ethanol (75%) by stirring to obtain a well-distributed suspension and then dripped onto cover glass. All specimens were examined by SEM (S-4800; Hitachi, Japan).
Mechanical properties. G-L-PRF/PVA was cut into the same dumbbell shape (approximately 20 mm × 5 mm × 0.2 mm), and the length, width, and thickness were measured using a micrometer. The mechanical properties of specimens were evaluated at room temperature using a universal testing machine (EZ-Test500N, Japan). During measurement, the specimens were pulled at a rate of 10 mm/min. The Young ' s modulus and elongation at break were calculated as follows 52 : where F is the breaking force (N), L is the original length (mm), ΔL is the increase in length at breaking, and A is the cross-sectional area (mm 2 ).
In vitro cytotoxicity. L929 cells were cultured in complete medium (Dulbecco's modified Eagle's medium with 100 U/mL penicillin/streptomycin; Hyclone, USA) under a humid atmosphere of 95% air and 5% CO 2 at 37 °C. The medium was replaced every other day. The cells were used for analysis of cytotoxicity. G-L-PRF and G-L-PRF/PVA scaffolds (30 mg/mL) were sterilised using ultraviolet light and then placed into sterile centrifuge tubes containing complete medium at 37 °C in a humidified atmosphere of 5% CO 2 . After 24 h, the tubes were centrifuged at 1000 rpm for 5 min and filtered (0.22-mm filter). The leaching solution was used for cytotoxicity analysis.
The G-L-PRF/PVA scaffolds and PVA hydrogels were cut into slices and sterilised using ultraviolet light. L929 cells (1 × 10 5 cells/mL) were seeded on the scaffolds and hydrogels slices in 96-well plates (200 µL/well) and incubated in a humid atmosphere of 95% air and 5% CO 2 at 37 °C for 24 h. Cell adhesion and morphology on the scaffolds and hydrogels were characterised by light microscopy, fluorescent microscopy, and SEM. Briefly, the culture medium was removed by aspiration, and cells were rinsed with phosphate-buffered saline gently. Cells were then fixed with 2.5% glutaraldehyde at 4 °C for 8 h, and some of the samples were dehydrated in ethanol solutions of various concentrations (30%, 50%, 70%, 80%, 90%, 95%, and 100%), followed by sputter-coating with a thin gold layer for SEM analysis. Other samples were analysed using rabbit anti-waveform silk protein antibodies, incubated overnight at 4 °C, and then treated with IgG/fluorescein isothiocyanate and 4′,6-diamidino-2-phenylindole for observation by fluorescence microscopy (Olympus IX71, Japan).
Release of VEGF and PDGF-AB.
Growth factors from L-PRF and G-L-PRF/PVA, such as PDGF-AB and VEGF, were quantified using enzyme-linked immunosorbent assays (ELISAs; R&D Systems, Shanghai, China) according to the manufacturer's instructions. Briefly, L-PRF (30 mg) and G-L-PRF/PVA scaffolds (with 30 mg L-PRF) were placed in a centrifuge tube containing 1 mL serum-free medium (Hyclone) and incubated at 37 °C in a humidified atmosphere containing 5% CO 2 . During culture, the medium was collected after 1, 2, 3, 5, 7, or 9 days, and all collected samples were stored in 2-mL cryovials at −80 °C before analysis.
Evaluation of the bioactivities of growth factors. The bioactivities of growth factors released from
G-L-PRF/PVA scaffolds were determined in vitro by assessing their ability to stimulate HUVEC proliferation. Briefly, HUVECs were seeded in 96-well plates at a density of 4 × 10 4 cells/mL with the collected medium from the G-L-PRF/PVA scaffolds. After incubation for 1, 2, 3, 4, 5, 6, or 7 days, the cell number was determined by MTT assays.
In vivo biodegradation. The biodegradability assay was carried out to measure the biodegradation of PVA hydrogels and G-L-PRF/PVA scaffolds. To simulate the environment of the human body, the C 57 mice (obtained from the Animal Center, Fourth Military Medical University; age 6-8 weeks, weighing 20-25 g) were divided into four groups (n = 12 per group): PVA hydrogel alone, 0.5% G-L-PRF/PVA, 1% G-L-PRF/PVA, and 2% G-L-PRF/ PVA. Briefly, mice were anaesthetised, and dorsal surface hair was shaved. An incision was then created using a scalpel (width: 1 cm, depth: 1 cm). Two incisions were made, one on each side of the midline. The specimens were then placed in the incision, and the incisions were closed using sutures. The mice were sacrificed after 1, 2, 3, or 4 weeks using an overdose of anaesthetic. The weight lost by the sample was measured each time. The biodegradability was calculated as follows;
where ΔG is the weight change, and G is the weight before degradation.
Animal test in a mouse model. Animal experimental manipulation were carried out according to local animal welfare guidelines and regulations, and were approved by the School of Stomatology, Fourth Military Medical University (ID: kq-033) In this experiment, C 57 mice (the Laboratory Animal Center, the Fourth Military Medical University, Xi'an, China) were divided into four groups (n = 15 per group): blank, PVA hydrogel, L-PRF, and 1% G-L-PRF/PVA. The healing properties of the G-L-PRF/PVA scaffolds on acute full-thickness skin defects were then studied 45 . Briefly, C 57 mice were anaesthetised by intraperitoneal injection of pentobarbital sodium solution (75 mg/kg). Before surgery, the dorsal surface was shaved with an electric clipper and 8% Na 2 S to remove any remaining hair. Mice were then sterilised with betadine and alcohol. Two full-thickness incisional wounds with a diameter of 6 mm were made using a puncher on the dorsal region. A donut-shaped splint with an internal diameter of 10 mm and an external diameter of 12 mm was placed such that the wound was centred within the splint to inhibit natural skin shrinkage. The four samples were then applied to the wounds, and Tegader Film (3 M, 1624W, USA) was used to cover the scaffold to improve adherence. Digital photographs were taken of the tissue samples, and samples were harvested at 3, 5, 7, 9, and 11 days after surgery.
Histology and immunohistochemistry. For histological analyses, the harvested samples were fixed in paraformaldehyde (4%), dehydrated with a graded series of ethanol concentrations, and embedded in paraffin. Sectioned samples with a thickness of 4-6 mm were then stained with H&E, Masson, and Picro-Sirius red staining 46, 51 . To study angiogenesis during wound healing, two key factors related to angiogenesis (VEGF and CD31) were detected by immunohistochemical staining.
Statistical analysis. All vitro experiments were replicated at least three times. In animal studies, the images of macroscopic and microscopic fields from animals were analysed using Image-Pro Plus 6.0 (USA). Data are expressed as means ± standard deviations, and statistical significance was determined using one-way analysis of variance, followed by Newman-Keuls test (SNK-q). Differences with p values of less than 0.05 were considered significant. Statistical analysis was performed using SPSS 17.0 software (SPSS, USA) with GraphPad Prism 6.0 (USA).
